The reaction between nitrite and bisulfite to form hydroxylamine disulfonate has been investigated and found to consist of three concurrent processes.
The of the rate constants k 1 and kii on temperature and ionic strength were investigated. A reaction mechanism has been proposed which is consistent with these results. The rate constants for the three rate determining steps in s mechanism have been calculated.
INTRODUCTION
TI1e formation of hydroxylamine disulfonate (HADS) has been studied by 1 2 chemists for many decades. ' Most of the interest has been on the reaction of nitrite with sulfites to form HADS as a first step toward the production of [3] [4] [5] [6] hydroxylamine.
More recently there has been interest in the reactions of nitrites and sulfites in terms of atmospheric aerosol formation and chemical 7 treatment of flue gas.
The kinetics of HADS formation was first studied between pH of 5 and 7 by 4 Seel and Degener over two decades ago. They found two concurrent processes for HADS production as summarized by the following rate law:
d[HADS] , dt 5
Yamamoto and Kaneda identified the same two processes. However, they found that the first term was really a combination of both general acid and acetic acid specific catalyzed reactions. Seel and Knorre 6 later investigated this reaction in less acidic solutions and interpreted their results as a single process having the following rate law:
Because of the discrepancies between these results, and the need for accurate rate laws, we have undertaken a systematic study of this reaction under a wide variety of conditions.
EXPERIMENTAL Kinetic Studies
Reaction mixtures were prepared by dissolving reagent grade NaN0 2 , Na 2
and Na 2 so 3 in appropriate buffers. The kinetic data were obtained by monitoring 10dometr1c tee n1ques.
To maintain sulfur (IV) species at a nearly constant value throughout the run, the initial concentration was at least 10 times that of nitrite,
The pH of each solution was measured at the start of each run with a
Beckman Model 4500 pH meter, equipped with a combination glass electrode. The electrode was calibrated prior to each measurement with ~1allinckrodt BuffAR buffer solutions, The pH was maintained throughout the reaction with either a sul te-bisulfite buffer (pH 6-7) or a phthalate-biphthalate buffer (pH 4,5-6).
In several runs an acetate-acetic acid buffer was used to show that the phth~late buffer does not interfere with the reaction. Reagent grade chemicals were used as supplied. The phthalate-biphthalate buffer was sufficient to keep the ionic of the solution constant (f.l "' 0.2) throughout the run. When sulfitebisulfite buffers are used, NaN0 3 and Na 2 so 4
were added as nonreactive salts to the ionic strength constant (f.l = 1.2), In each set of conditions, the initial concentrations of mono and divalent ions were identical. For ionic s studies in both buffer systems, varying amounts of nitrate and sulfate salts were added to change the initial ionic strength while maintaining a constant buffer capacity,
The temperature dependence was investigated by varying the solution temperature between 15 and 30°C. An insulated water bath was used to control the temperature to at least ±Oo2°C" All other runs were carried out at 22 ±l°C"
Stoichiometric and Mass Balance Studies
The stoichiometry of the reaction was determined by measuring the concentrations of both the nitrite and sulfur (IV) species during the same run" Only a small excess of sulfur (IV) was used for these runs. Nitrite was measured spectrophotometrically as before" Sulfur (IV) was measured using standard iodometric techniques after quenching the reaction in an excess of iodine. 8
The analysis was carried out in an acetate-acetic acid buffer (pH = 5"6) to minimize the interference that could arise from the reaction of nitrite with -4 1 2 or 1 Calibration against known standards showed there was no N0 2 interference under the conditions of the investigation.
A mass balance between nitrite and hydroxylamine disulfonate was demonstrated by monitoring the concentrations of both species during identical runs. Sulfur (IV) was present in large excess to ensure pseudo-first order reaction conditions.
Nitrite was measured as before. HADS was determined by oxidation to nitrosodisulfonate ion (NDS) followed by colorimetric analysis at 545 nm. The l\inetic data for the formation of HADS were obtained by initial rate studies where the contribution from these secondary processes (sulfonation and hydrolysis) is small.
Determination of Reaction Order
The experiments were carried out at several pH's in light of the different orders with respect to bisulfite which had been noted in the literature. The first set of experiments determined that the reaction was first order with respe.:t to nitrite over the entire pH range between 4. 5 and 7, An excess of bisulFite was used in these runs. Alternately one can plot Q vs. Hso; on linear scales which will yield a straight line for a first order bisulfite dependence. This is shown in Fig. 3 at several pH's. The slope is related to the value of the rate constant, while the intercept (obtained by extrapolation) indicates that some reaction independent of bisulfite concentration is also taking place. This bisulfite independent contribution to the overall rate is generally small. The variation of the intercept with pH shows that this zero order bisulfite term is second order + 4 in H , in agreement with Seel and Degener.
Since there is no acetate present phthalate buffer system was used.), this is also in agreement with Yamamoto 5 and Kaneda.
For simplicity these processes will be referred to only by their order with respect to bisulfite (i.e., zero or first order process). This convention will be used throughout the paper.
The value of Q calculated from the rate law of Seel and Knorre (second order in bisulfite) at pH of 5.5 is small (< 5%) compared to the measured first order value. On the other hand, the Q value calculated from the rate law of
Seel and Degener (first order process) at pH of 7 accounts up to SO% of the values obtained in the present study. Therefore the first order contribution must be subtracted from the measured rate prior to analyzing the data for a second order term. This corrected value of Q is plotted against [Hso;] on a log-log plot, and the slope (or order of reaction) is L 9 (Fig. 4 ), The rate constant is then calculated by fitting the corrected rates to a second order bisulfite rate law (Table I ). All these runs were carried out at constant initial ionic strength (p = 1.2) because, as will be shown later, the reaction rate is dependent on ionic strength. The results also indicate that this s (second order in bisulfite) is independent of the sulfite or hydrogen ion concentration used in this experiment. This result is contrary to that by Secl and Knorre. 4 They found that the rate decreased when the concentration of sulfite was increased at a fixed bisulfite concentration. However, these authors did not correct their data for the first order process. Our study ains this discrepancy as a decrease in the contribution from the first order process, rather than a complex dependence on sulfite.
We demonstrated that dissolved oxygen is not involved in this reaction following the reactions both before and after purging the solution with nitrogen for 5 minutes. Runs were performed at pH of 6.3, where both the first and second order processes contribute substantially. No difference could be detected between the rates obtained under these two opposite conditions.
Stoichiometry and Mass Balance
Experiments were carried out to verify that the same net reaction (A) is taking place under each set of experimental conditions. For all three pH regions investigated, the ratio of sulfur (IV) which reacts with nitrite (measured after at least one reaction half-life) was 2.2 to 2.4. These ratios increased when measured after longer reaction times. Both the further sulfonation reactions and the oxidation of sulfur (IV) species in solution could explain why this ratio is greater than the expected value of 2.0.
A mass balance between nitrite and HADS confirms the stoichiometry predicted from Eq. A. Figure 5 shows the results at pH of 6.3, where both the first and second order processes contribute to the rate. After about 10-15 minutes, there is an apparent loss of nitrogen species. This could be due to a loss of HADS by sulfonation or hydrolysis (Eqs. Band C), since the nitrite concentration continued to drop. Because hydrolysis and sulfonation reactions are both first order in HADS, the above effect becomes more pronounced as the HADS concentration builds up. 11 • 12 Because this problem is only significant after long reaction times, it does not affect the results obtained from initial rates.
Evidence that the zero order process is producing HADS is less direct since contribution of this process is small under the conditions of this study. Previous studies observed this process by monitoring sulfur species. 4 • 5 The present study detected the same process by measuring the nitrite concentrations, These two results indicate that both species are involved, in a two-to-one ratio, and therefore it is unlikely that another product besides HADS would be formed,
Temperature Dependence
The activation energies for the first and second order processes were also investigated. The log of the rate constant k 1 (first order process) as a function 1/T is shown in Fig. 6 . The slope of this Arrhenius-type plot yields a value for the activation energy of 51 kjoule/mole. This agrees with the litera- The conclusion from our study is that at least two paths are present for HAOS formation, with substantially different transition states.
Ionic Strength Dependence
Information on the charges of reacting species in both the and second order processes has been obtained by investigation of the dependence of the reaction rate on ionic strength. It is difficult to carry out the reaction at concentrations low enough for proper interpretation by Oebye-Huckel limiting law. The experiments were therefore performed at intermediate concentrations.
These results nevertheless yield useful information. The data obtained for the first order process are shown in Table IL The scatter is due to variations in temperature from run to run. The reaction is independent of ionic strength at these concentrations. The second order process, again after correction for the first order contribution, varies strongly with ionic strength (Fig. 7) .
This supports the evidence for at least two concurrent processes.
Neither process shows any deviation from typical results of the OebyeH~ckel law. Interpretation using this theory indicates that the first order process is a reaction of an ion with a neutral molecule, whereas the second order process represents a reaction of two similarly charged ions. The slope of 2 (Fig. 7) indicates that one of these ions is doubly charged. It is also possible that the ionic strength effect for the first order process has been suppressed at the ionic strength used, but we consider this unlikely.
Finally, to summarize all the experimental results, the rate of formation of HADS from nitrite and bisulfite can be expressed by the following equation:
where k 0 % 8 x 10 5 liters 2 /mole-sec, k 1 = 3.7 x 10 12 e-6 lOO/T liter 2 /mole 2 -sec -4 2 1( ) 1 / 2 2 2 k 11 = 9.0 x 10 e · ~ liter /mole -sec (Tis temperature in Kelvin, and~ is ionic strength in moles/liter.).
Derivation of the Rate Expression
Based on the experimental results, we propose the following reaction mechanism:
(1) NO+ + Hso; ::: Noso; + rt (2) HONO + Hso; = Noso; + H 2 0
2-3-
The following three equilibria are considered to be rapid:
LBI.~l0504
For the purposes of this study, both the protonated and deprotonated 
A complete rate law is obtained by substitution of Eq. 10 into Eq, 9. Because the concentration of HADS is near zero an initial rate study, the last two terms in Fq, 9 and the last term in the numerator of Eq, 10 can be neglected, This rate expression agrees with the experimentally determined rate law. Eqs* 1, 3, and 5 correspond to the rate determining steps of the zero, first, and second order processes, respectively. The ionic strength data, as interpreted by Debye-Hiickel limiting law, is consistent with the mechanism that we propose.
The rate determining steps for the first and second order processes are ionneutral molecule and anion-anion reactions, as the data suggested. Finally, the rate determining step for the second order process also supports the finding that the process is dependent on bisulfite, but independent of sulfite concentration or pH.
Comparing the experimentally determined rate law (Eq. A) with the mathematically derived expression (Eq. 11), we have derived the rate constants for the elementary rate determining steps. The values for k 1 , k 3 , and k 5 at 298K
and ~ = 1.2 are 300, 1.6, and 0.14 liter 2 /mole 2 -sec, respectively.
In conclusion, the results of this study have clarified the disagreement of previous papers on the order with respect to bisulfite. The complete reaction rate law will be of value in modeling aerosol formation as well as in developing flue gas treatment processes. 
